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Abstract
The fission probability of 236U as a function of the excitation energy has been measured with high energy resolution using
the 235U(d,pf ) reaction in order to study hyperdeformed (HD) rotational bands. Rotational band structures with a moment of
inertia of θ = 217 ± 38 h¯2/MeV have been observed, corresponding to hyperdeformed configurations. From the level density
of the rotational bands the excitation energy of the ground state in the third minimum was determined to be 2.7 ± 0.4 MeV.
The excitation energy of the lowest hyperdeformed transmission resonance and the energy dependence of the fission isomer
population probability enabled the determination of the height of the inner fission barrier EA = 5.05 ± 0.20 MeV and its
curvature parameter h¯ωA = 1.2 MeV. Using this new method the long-standing uncertainties in determining the height of the
inner potential barrier in uranium isotopes could be resolved.
 2005 Elsevier B.V. All rights reserved.
PACS: 21.10.Re; 24.30.Gd; 25.85.Ge; 27.90.+b1. Introduction
The study of nuclei with exotic shapes (super-
and hyperdeformation) is one of the most vital fields
E-mail address: peter.thirolf@physik.uni-muenchen.de
(P.G. Thirolf).0370-2693/$ – see front matter  2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2005.04.042in modern nuclear structure physics. Superdeformed
(SD) nuclei in the second minimum have shapes with
an axis ratio (c/a) of about 2 : 1, whilst hyperdeformed
(HD) nuclei in the third minimum correspond to even
more elongated shapes with axis ratio (c/a) of about
3 : 1 [1,2]. This is where the nucleus 236U is excep-
tional, because it is the only isotope where hyperde-
176 M. Csatlós et al. / Physics Letters B 615 (2005) 175–185Fig. 1. The triple-humped potential-energy surface of 236U. Also damped class-I, class-II and class-III compound states are shown in the three
minima. For strongly mixed class-I and class-II states, transmission resonances of class-III states can occur in fission.formed transmission resonances have been observed
[3] and at the same time a superdeformed fission iso-
mer is well-established [4]. Fig. 1 schematically shows
the potential-energy surface (PES) of 236U as a func-
tion of deformation (axis ratio) with the triple-humped
fission barrier as deduced in this publication. Promi-
nent new features are the lower inner barrier EA and
the large depth of the third minimum (EB1 +EB2)/2−
EIII. All peaks of the barriers are saddle points in a
multi-dimensional deformation space [5].
Starting from this general picture we first focus on
the properties of the third minimum. The presence of a
third minimum in the fission barrier of light actinides,
obtained from PES calculations, was first proposed by
Möller and Nix [5,6]. According to more recent cal-
culations, the third minimum in these nuclei appears
at large quadrupole (β2 ∼ 0.9) and octupole deforma-
tions (β3 ∼ 0.35) and the depth is predicted to be much
larger than previously believed [7]. Since these hyper-
deformed actinide nuclei are also octupole deformed
with reflection-asymmetric shapes, they show a possi-
ble energy splitting between different parity members
of the rotational bands. The third minimum was first
established experimentally for thorium nuclei, study-
ing the microstructure in transmission resonances with
(n,f ), (t,pf ) and (d,pf ) reactions [8,9]. For hyper-
deformed transmission resonances to occur it is neces-
sary that the class-I and class-II compound states are
strongly mixed. Otherwise, the narrow class-II statesin general will not overlap with the isolated class-III
states. The well-established idea of transmission res-
onances in the second minimum [10] could be car-
ried over to the third minimum for mixed class-I and
class-II states by simply replacing the former reso-
nant class-II states by new resonant class-III states.
The previous penetrabilities PA and PB now can be
replaced by PB1 and PB2 corresponding to the two
barriers enclosing the third minimum.
Hyperdeformed resonances were also observed in
uranium isotopes [3,11]. In a previous measurement
we identified three transmission-resonance groups at
5.27, 5.34 and 5.43 MeV in 236U as groups of hy-
perdeformed K = 4 bands [3]. Although the energy
resolution was limited to 20 keV and individual mem-
bers of the rotational bands could not be resolved, a
rotational parameter h¯2/2θ = 1.6+1.0−0.4 keV was deter-
mined in good agreement with the value predicted for
a hyperdeformed state h¯2/2θ theor = 2.0 keV. In the
new measurement we achieved an energy resolution
of ≈ 5 keV and were able to resolve the individual
members of the rotational bands. For a group of lower
transmission resonances around 5.1 MeV, which for-
merly was assumed to be a transmission resonance in
the second minimum, a good fit of fission probability
and angular correlation data could only be obtained by
assigning it to a transmission resonance in the third
minimum. The observation of rotational bands in the
third minimum requires a rather complete damping of
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termine an upper limit for the inner-barrier height EA.
Combining this with results from the fission-isomer
population probability [12,13], we can for the first
time now determine the inner barrier height in 236U,
where formerly values differing by 1 MeV were ob-
tained. The uncertainty in the height of the inner bar-
rier occurs for all light actinides and was called the
‘thorium anomaly’ [4] as it was first observed in tho-
rium nuclei. It is now resolved in the picture of the
triple-humped barrier and we reach a much better un-
derstanding of the potential-energy landscape of light
actinides in agreement with more recent predictions
[7,14].
2. Experimental method
The experiment was carried out at the Munich
Accelerator Laboratory. We investigated the
235U(d , pf )236U reaction in the excitation energy
range 4.9 < E∗ < 5.6 MeV. The deuteron beam en-
ergy was Ed = 9.73 MeV. An enriched (99.89%),
88 µg/cm2 thick target of 235U2O3 on a 30 µg/cm2
thick carbon backing was used.
The excitation energy of the 236U compound nu-
cleus can directly be deduced from the kinetic energy
of the outgoing protons. The ground state Q-value
for the 235U(d , p)236U reaction is QGS = 4.320 ±
0.002 MeV, which was calculated using the NuBase
Q-value calculator [15], based on the atomic mass
data taken from the compilation by Audi and Wapstra
[16,17].
The kinetic energy of the proton ejectiles was ana-
lyzed with a Q3D magnetic spectrometer [18] placed
at ΘL = 125◦ relative to the incident beam, covering a
solid angle of 10 msr. The position of the analyzed par-
ticles in the focal plane was measured with a position-
sensitive light-ion focal plane detector with individual
cathode strip readout of 890 mm active length [19].
The 208Pb(d , p) reaction (Q = 1.712 ± 0.004 MeV)
was used for the energy calibration. Using an identi-
cal magnetic field setting as in the case of the (d,p)
reaction on uranium the E∗ = 2537 keV and E∗ =
2492 keV transitions in 209Pb provided the energy cal-
ibration. The position and width of these lines were
repeatedly checked during the measurement, proving
the stability of the energy calibration. The energy res-olution obtained from the 208Pb(d , p) reaction using
a thin target (57 µg/cm2 on a 7 µg/cm2 carbon back-
ing) was 3 keV (FWHM) at 8.7 MeV proton energy.
Due to the different target properties and the longterm
drifts during the one week measurement time an exper-
imental energy resolution of about 5 keV (FWHM) can
be estimated for the 235U(d , pf ) reaction. It is mainly
due to this excellent resolution that qualitatively new
information could be extracted from an already well-
studied reaction. Fission fragments were detected in
coincidence with the outgoing protons by two parallel
plate avalanche counters (PPAC) [20] with active areas
of 16×16 cm2, each positioned in a distance of 23 cm
from the target, covering a solid angle of about 4% and
an angular range of 55 ± 20◦ and 125 ± 20◦ relative to
the beam direction (corresponding to 65◦–90◦ relative
to the recoil axis). This limitation in angular coverage
resulted from an optimization of the setup for time-of-
flight rather than for angular correlation measurements
thus preventing the extraction of angular correlation
information from the present data. During 100 hours
2.6 × 105 proton-fission coincidence events were ac-
quired at typical count rates of 200/s for the focal
plane detector and 1 × 104/s for the fission counters.
As identified from the proton-fission coincidence tim-
ing spectrum the ratio between real and random events
amounted to ≈ 4 : 1 in average for the whole spec-
trum. Contributions from random coincidences were
subtracted from the proton data.
3. Experimental results and discussion
The excitation energy spectrum derived from the
proton kinetic energies measured in coincidence with
the fission fragments following the 235U(d , pf ) reac-
tion is shown in Fig. 2.
The measured high-resolution fission probability is
shown in Fig. 3(a) as a function of the excitation en-
ergy of the compound nucleus 236U. It was obtained
by dividing the proton energy spectrum measured in
coincidence with fission fragments by the smoothly
varying proton spectrum from the (d,p) reaction.
Fig. 3(c) in comparison shows the same fission
probability of 236U measured by Just et al. [13] with
a E−E telescope for the light particles, reaching an
energy resolution of 80 keV. This measurement cov-
ered a broader range of excitation energies, its energy
178 M. Csatlós et al. / Physics Letters B 615 (2005) 175–185Fig. 2. Excitation energy spectrum inferred from the proton kinetic
energies following the 235U(d , pf ) reaction measured in coinci-
dence with the fission fragments.
calibration agrees within 20 keV with the present mea-
surement. From the angular distribution of the fission
fragments the angular correlation coefficient A2 was
determined as a function of excitation energy. This is
shown in Fig. 3(b) for the energy range covered by our
measurement.
3.1. Hyperdeformed transmission resonances in 236U
The resonances at 5.27, 5.34 and 5.43 MeV had
previously been identified as hyperdeformed reso-
nances [3], however without resolving any rotational
structure. For the first time, this was achieved in the
present experiment. The resonance structure around
5.1 MeV excitation energy was formerly interpreted
by Goldstone et al. [22] and Just et al. [13] as a vibra-
tional resonance in the second minimum in analogy
to the 5.1 MeV resonance in 240Pu [20]. We will later
interpret it as a group of hyperdeformed resonances.
The excitation energy region containing HD reso-
nances was analyzed in two steps. We start with the
resonance structure between 5.2 and 5.5 MeV, because
here the hyperdeformed structure was already known
[3], thus allowing for a test of our analysis procedure.
In order to describe the rotational structure, we
assumed overlapping rotational bands with the same
moment of inertia, inversion-splitting parameter and
intensity ratio for the band members. Gaussians were
used for describing the different band members. The
relative excitation probabilities for the members of the
rotational bands were taken from DWBA calculations
for the (d,p) reaction by Back et al. [23], calculated
around 5.4 MeV excitation energy for the upper and
5.1 MeV for the lower resonance region (see Table 1).Fig. 3. (a) Prompt fission probability, Pf , for 235U(d , pf ) measured
with high energy resolution in this work (random coincidences sub-
tracted); (b) and (c): angular correlation coefficient A2 for prompt
fission following the reaction 235U(d , p)236U → f and prompt fis-
sion probability of 236U from Just et al. [13]. The energy resolution
of both measurements is indicated by a horizontal bar.
In case of the upper resonance region around 5.3 MeV
an exponential background component was included
in the fit procedure. In the lower resonance region
only a negligible background contribution was iden-
tified. During the fitting procedure the energy of the
band head and the absolute intensity of the band were
used as free parameters. A common rotational parame-
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Relative excitation probabilities for rotational band members following 235U(d , p) according to DWBA calculations by Back et al. [23] for
E∗ = 5.1 and 5.4 MeV
J 2 3 4 5 6 7
π − + − + − + − + − + − +
Ref. [23] 0.033 0.008 0.117 0.083 0.157 0.132 0.083 0.074 0.074 0.074 0.025 0.050
(5.4 MeV)
Ref. [23] 0.050 0.008 0.121 0.059 0.150 0.100 0.096 0.075 0.092 0.058 0.025 0.058
(5.1 MeV)ter (h¯2/2θ ) and inversion-splitting parameter (E±)
were adopted for each band.
The angular distribution of the fission fragments is
defined by the total spin J and its projection K onto
the deformation axis of the fissioning nucleus. The
height of the outer fission barrier increases with in-
creasing K value.
Since the ground-state spin and parity of the target
is 72
−
, mainly Jπ = 3− and Jπ = 4− states are excited
in the case of l = 0 transfer, in this way the fission bar-
rier is relatively high. In the case of l > 0 transfer, the
appearance of lower K values is also possible. Due
to the limited energy resolution of the angular distri-
bution measured by Just et al. [13], the A2 angular
correlation coefficients for states with different spins
in a rotational band of a given K value cannot be ex-
tracted. Assuming an octupole rotational band with a
certain K value, a theoretical A2 coefficient was de-
termined by averaging over the calculated A(J,K)
values weighted by the excitation probabilities for dif-
ferent J values taken from Ref. [23]. The calculated
A2 coefficients increase for K  3, reaching a max-
imum at K = 3 before decreasing rapidly. At K = 4
a negative A2 coefficient was obtained. Using the cal-
culated A2(K) function, we derived the trend of the
K values from the experimental A2 coefficients as a
function of the excitation energy. In this way we could
determine the K values independently from fitting the
fission probabilities.
The HD states are characterized by the presence of
alternating parity bands with very large moments of
inertia because of the very large quadrupole and octu-
pole moments [11]. Assuming alternating parity bands
with J = K = 3, 4 and 5 band heads, the fission proba-
bility between 5.2 and 5.5 MeV was fitted, resulting in
the fit curve superimposed on the data in Fig. 4(a). The
picket fence structures indicate the positions of the ro-tational band members, whilst the numbers to the left
denote the corresponding K values which equal the
lowest J value of the respective band. The correspond-
ing normalized χ2 values are presented in Fig. 4(c) as
a function of h¯2/2θ . The horizontal line represents the
99.9% (3σ ) confidence level for the χ2 test.
The deduced rotational parameter is h¯2/2θ =
2.3+0.3−0.5 keV and for the inversion parameter a value
of E± = 0+8.8−5.5 keV was derived, which is consistent
with the small inversion parameters obtained by Blons
et al. [11].
Fitting the fission probability with rotational bands
assuming a reversed parity assignment for the band
members resulted in a fit of similar quality as the
one shown in Fig. 4(a), thus indicating that the analy-
sis is not sensitive to parity. In addition to the spin-
dependent excitation probabilities of Back et al. also
values calculated by Goerlach et al. [12] were used
and found to produce almost identical results. Alter-
natively the assumption of a superdeformed rotational
band structure was tested using spin sequences with
J = 2+, 4+, 6+ based on the same set of excitation
probabilities as used for the HD bands. As shown by
the dotted line in Fig. 4(c) no minimum for the nor-
malized χ2 was found in this case. With the series of
15 rotational bands shown in Fig. 4(a) not only the
fission probability could be reproduced, but also the
angular correlation coefficient A2 measured by Just et
al. [13] (data points in Fig. 4(c)) could be reproduced
by bands with high K values (K = 3, 4 and 5, solid
line in Fig. 4(b)). Again the assumption of SD rota-
tional bands with J = 2+, 4+, 6+ fails to reproduce
the data, as indicated by the dashed line in Fig. 4(b).
The extracted rotational parameter corresponds to
a value characterizing HD rotational resonances. The
moment of inertia θ = 217 ± 38 h¯2/MeV is in good
agreement with the values calculated by Shneidman et
180 M. Csatlós et al. / Physics Letters B 615 (2005) 175–185Fig. 4. (a) Fission probability (Pf ) for the 235U(d , pf ) reaction in the excitation-energy region above 5.2 MeV. The solid line shows a fit to
the data assuming alternating-parity rotational bands starting with J = K , the dotted line represents the exponential background component
included in the fitting procedure. The picket fence structures indicate the positions of the rotational band members used in the fit with K values
as indicated for each band by the left-sided numbers. (b) Angular-correlation coefficients A2 from Ref. [13] (data points), superimposed by the
A2 coefficients inferred from the fit curve from a) (solid line). In addition the curve for A2(E∗) resulting from the assumption of superdeformed
bands (dotted curve in (c)) is shown as a dashed line. (c) Normalized χ2 values for the fit to the spectrum of panel (a)) (solid line). The dotted
line represents the fit quality for the alternative scenario of superdeformed rotational bands. The best fit has been obtained by hyperdeformed
rotational bands with h¯2/2θ = 2.3+0.3 keV. The horizontal line represents the 99.9% (3σ ) confidence level for the χ2 test.−0.5al. [24] for 234U and 232Th, who assumed dinuclear
systems suggesting the possibility of an exotic heavy
clustering as predicted by ´Cwiok et al. [7].
In the second step of the analysis, the proton energy
spectrum below 5.2 MeV was investigated, where so
far no conclusive high-resolution data were available.
In the 234U(t , pf ) reaction, Back et al. [25] observed
a weak, narrow resonance at 5.0 MeV and a distinct
shoulder (or resonance) around 5.15 MeV. Goldstone
et al. [26] and Just et al. [13] reported the first clear ob-
servation of a series of narrow sub-barrier fission res-
onances in 236U produced in the (d,pf ) reaction. The
measured resonance energies are given in Fig. 3(c). In
their analysis the underlying states of these resonances
were assumed to originate from the second well, close
to the top of the inner barrier.
The result of the analysis in the excitation en-
ergy region between 5.05 and 5.2 MeV is shown in
Fig. 5, where the prompt fission probability is dis-
played (panel (a)) together with the results of a fit
by rotational bands similar to the procedure described
above for the upper resonance region. Again the spin-
dependent excitation probabilities of the rotational-band members were based on DWBA calculations by
Back et al. [23] for E∗ = 5.1 MeV.
In order to allow for a consistent description of the
fission probability and the angular correlation coef-
ficient A2 from Just et al. [13], a distribution of K
values rising from K = 1 to K = 4 between 5.05 and
5.2 MeV had to be chosen, thus differing from the
excitation-energy region between 5.2 and 5.4 MeV
discussed above, where higher K values were domi-
nating.
Again the picket fence structures indicate the po-
sitions of the rotational band members, together with
the K value of the corresponding band. While the fit
of the fission probability showed little influence of the
J = 3 rotational band members, a consistent descrip-
tion together with the angular correlation data required
to include J = 3 with an intensity reduced by a factor
of four with respect to the intensity listed in Table 1.
The sign change of the A2 coefficient from neg-
ative values in the upper resonance region to largely
positive values in the lower resonance region already
indicates the tendency towards lower K values with
decreasing excitation energy. The resulting curve for
M. Csatlós et al. / Physics Letters B 615 (2005) 175–185 181Fig. 5. (a) Fission probability (Pf ) for the 235U(d , pf ) reaction in the excitation-energy region below 5.2 MeV. The superimposed solid line
shows a fit to the data using rotational bands with a variable rotational constant h¯2/2θ . The picket fences indicate the positions of the rotational
band members, whilst the numbers to the left denote the K value of the corresponding band. In each case the band starts with a Jπ = 3+ member
with reduced intensity (see text) and a dominant Jπ = 4− state. The best fit has been obtained by using hyperdeformed rotational bands with a
rotational parameter h¯2/2θ = 2.4+0.6−0.3 keV, as indicated by the normalized χ2 values shown in panel (c) (solid line). The horizontal line marks
the 99.9% (3σ ) confidence level of the χ2 test. The dotted line in (c) shows the resulting fit quality under the assumption of a superdeformed
spin sequence J = 2+ , 4+ , 6+ . (b) Angular-correlation coefficients A2 from Ref. [13] (data points), reproduced by the A2 coefficients inferred
from the fit curve from (a). In addition the curve for A2(E∗) resulting from the assumption of superdeformed bands (dotted curve in (c)) is
included as a dashed line.the A2 angular-correlation coefficient calculated based
on the fit function derived from the fission probability
in panel (a) is displayed as a solid line in panel (b)
of Fig. 5. The quality of the fit can be judged from
Fig. 5(c), where the normalized χ2 values are dis-
played with the horizontal solid line representing the
99.9% confidence level.
The rotational parameter derived from the best
fit (Fig. 5(c)) could be determined as h¯2/2θ =
2.4+0.6−0.3 keV, corresponding to a hyperdeformed con-
figuration. This result is in contrast to the old assump-
tion that the decaying vibrational excitations originate
from the superdeformed second minimum.
Assuming overlapping rotational bands in the sec-
ond well with a spin sequence of Jπ = 2+, 4+, 6+
and using the same excitation probabilities from Back
et al. [23] as before, the result of the χ2 analysis is
shown as a dotted line in panel (c) of Fig. 5. No unam-
biguous minimum for either HD or SD configurations
was found. However, when comparing the correspond-
ing curve for A2(E∗) (dotted line in Fig. 5(b) to the
data points, a clear preference for HD configurationscan be concluded. In the scenario of rotational bands
with Jπ = 2+, 4+, 6+ a pronounced minimum of the
normalized χ2 at a value of the rotational constant
h¯2/2θ ∼ 3.3 keV (typical for SD bands) could only
be achieved by artificially increasing the 2+ excitation
probability by a factor of about 4, while again failing
to reproduce the angular correlation data.
3.2. The depth of the third minimum in 236U
Similar to our previous work on the ground state ex-
citation energy in the third well of 234U [27], the depth
of the third well was determined by comparing the
experimentally obtained level spacings of the J = 5
members of the rotational bands of Figs. 4(a) and 5(a)
with the calculated ones using the back-shifted Fermi-
gas description of the level density ρ as parametrized
by Rauscher et al. [28], complemented by the K de-
pendency as described by Bjørnholm et al. [29]:
(1)ρ(U,K,J,π) = 1
2
· F(U,J ) · ρ(U) ·G(K),
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Summing over all the allowed K values we get back





Thus the level density is dependent only on three
parameters: the level density parameter a, the back-
shift δ and the cutoff parameter K20 . According to
Ref. [30] the parameter K20 at an excitation energy
of 5.2 MeV as obtained from fragment angular dis-
tributions for the 239Pu(n, f ) reaction is K20 = 27. In
Ref. [28] an excitation-energy dependent parameteri-
zation of the level density parameter a was given by
fitting to experimental level density data (see Eq. (14)
in Ref. [28]). The C(Z,N) “microscopic correction”
in this parameterization was taken from the calcula-
tions of Möller et al. [31]. The pairing gap , which is
related to the back-shift δ, was calculated from the dif-
ferences in the binding energies of neighboring nuclei
applying Eq. (19) in Ref. [28].
In order to determine the excitation energy EIII of
the ground state in the third minimum, the excitation
energy UIII = E − δ −EIII relative to the ground state
in the third well was used in Eq. (2). Varying the value
of EIII, the level spacings in the third well were cal-
culated according to Eq. (2) and compared to our ex-
perimental data for the J = 5 levels (circles and curve
labeled ‘Rauscher 1’ in Fig. 6). Due to the K-selective
filtering of the fission barrier the unobserved J = 5
levels from K > 3 (< 4) in the low (high) resonance
region has to be corrected for. Taking into account the
G(K) weighting factors from Eq. (1), corrected aver-
age level distances were derived from the experimental
data points for the two resonance regions (triangles
in Fig. 6). Varying the backshift δ in order to de-
scribe the level density in the third well, a value ofFig. 6. Distances of the J = 5 spin states in the third minimum
of 236U as a function of the excitation energy as derived from the
fits in the two resonance regions discussed above. The solid curve
(‘Rauscher 1’) shows values calculated by the parameterization of
Rauscher et al. [28] (see text), the full points correspond to our ex-
perimental values. The dashed curve represents a calculation of the
level density based on Eq. (2), using the experimentally determined
value of the rotational constant instead of the rigid-rotor value. The
triangles indicate the average level density in the two resonance re-
gions, corrected for unobserved J = 5 states due to the K-dependent
filtering by the fission barrier. The dash-dotted curve originated from
shifting the curve labeled ‘Rauscher 1’ through the corrected exper-
imental level density data.
EIII = 2.7 MeV was determined (indicated by the ar-
row in Fig. 6).
From our fits to the fission probability we obtained
a weighted average value of h¯2/2θ = 2.3 ± 0.4 MeV.
Using this value instead of the rigid-rotor value for
the determination of the spin-cutoff parameter σ in
Eq. (2), we repeated the calculation of the level spac-
ings (curve labeled ‘Rauscher 2’ in Fig. 6). In this case
the analysis indicated a minimum at EIII = 2.55 MeV.
Thus the uncertainty of EIII, composed of the uncer-
tainty as obtained from our analysis and of the uncer-
tainty introduced by the level density parameterization
as quoted by the authors in Ref. [28], was estimated to
be ±0.4 MeV.
´Cwiok et al. [7] predicted two different HD minima
for U isotopes. In the case of 236U, E = 3.8 MeVIII
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imum, while EIII = 2.4 MeV belongs to the more
reflection-asymmetric HD minimum. Our result is
in good agreement with the prediction for the more
reflection-asymmetric hyperdeformed minimum and
with the so far only experimentally determined value
of EIII = (3.1 ± 0.4) MeV for 234U as obtained in
our previous work [27]. These two results represent
the first experimental determination of the potential-
energy landscape for hyperdeformed configurations.
3.3. The vibrational energy h¯ωIII in the third
minimum
A further important quantity is the β-vibrational
phonon energy in the third minimum. Looking at
h¯
√
C/B with mass parameter B and stiffness C, from
the oscillatory behaviour of B as a function of the de-
formation [32] a trend can be inferred indicating that B
decreases from the second minimum to the third min-
imum to a value around the one known from the first
minimum, whilst the potential gets softer (see Fig. 1)
and C gets smaller. In this way a somewhat smaller
value for h¯ω compared to the second minimum of
about 600 keV is expected for the third minimum.
In addition, there is the general feature that the
fission probability of 234, 236U shows about twice as
many resonances compared to the one for 240, 238Pu.
This seems to be a general difference between the res-
onances in the second and the third minimum. Perhaps
the spacing of these resonances can be explained by
the fact that theoretically two hyperdeformed minima
with β2 = 0.6 but different β3 values of 0.3 and 0.6 are
predicted [7]. In this way in each minimum vibrational
states with a spacing of about 0.5 MeV could occur,
leading to a doubling of the number of resonances.
Compared to the situation in the second minimum
of 240Pu [20] transmission-resonance spectroscopy in
the third well can be performed reaching down in en-
ergy to lower phonon numbers due to the thinner barri-
ers and lower excitation energies within the third well.
3.4. The inner barrier of 236U
The new interpretation of the 5.1 MeV transmis-
sion resonance in 236U as a resonance in the third and
not in the second minimum leads to a determination of
the parameters of the inner barrier. Previously the in-Fig. 7. Isomer population probability from Goerlach et al. [12,13].
terpretation as a resonance in the second minimum led
to the requirement that the inner barrier height EA was
approximately equal to the outer barrier EB , because
a strong resonance requires penetrabilities of both bar-
riers with comparable values [21]. Using our new in-
terpretation the inner barrier has to be reduced to the
excitation energy of the lowest transmission resonance
in order to achieve a good mixing between the first and
second minima.
With a back-shifted Fermi-gas formula the level
spacing for 0+ compound states in the second mini-
mum at a total excitation energy of 5.1 MeV is cal-
culated to be about 80 keV. The damping width of
these states due to tunneling through the inner bar-
rier Γ = h¯ωII/2π · PA is about 100 keV at the top of
the barrier with PA ≈ 1. Therefore the occurrence of a
transmission resonance in the third well at 5.1 MeV re-
quires a rather complete damping and an inner-barrier
height EA lower than 5.2 MeV. On the other hand, we
can obtain a lower limit for the inner-barrier height EA
from the measurement of the isomer population proba-
bility. This is shown in Fig. 7 with data from Goerlach
et al. [12,13]. For excitation energies between ∼ 4.4
and ∼ 4.9 MeV, the weak coupling limit is valid and
the isomer population probability is proportional to the
square root of the penetrability PA of the inner barrier
[33]. The data show a clear exponential increase. At an
excitation energy of 5.1 MeV the isomer population
probability starts to saturate because the compound
states of the first and second minima become largely
mixed. Above 6 MeV we observe a drop of the isomer
population probability because the competing fission
184 M. Csatlós et al. / Physics Letters B 615 (2005) 175–185and neutron channels open up. From the exponential
rise of the isomer population probability for low en-
ergies we can deduce that the inner barrier EA has to
be larger than 4.9 MeV. From both limits we obtain
EA = 5.05 ± 0.20 MeV. Furthermore, from the expo-
nential rise and the estimate of the penetrability from
the γ back-decay we obtain h¯ωA = 1.2 MeV.
It is interesting to note that in the data of Goerlach
et al. [12] in the very weak coupling region a reso-
nance in the isomer population probability could be
observed at an excitation energy of 4.20 ± 0.05 MeV
(see Fig. 7). It nicely agrees with the sum of the
isomer energy [34,35] and the energy of the second
phonon EII + 2 · h¯ωII = (2.814 + 2 × 0.685) MeV =
4.184 MeV. This again shows that the second well at
lower excitation energies is rather harmonic. A simi-
lar observation was made for the second well of 240Pu
[20]. The third phonon may be identified with the res-
onance observed in the prompt fission probability at
4.75 MeV (Fig. 3(c)). The energy of the fourth phonon
may be reduced close to the top of the barrier EA
similar to the situation in 240Pu [20]. In this way a
vibrational enhancement of the coupling via the sec-
ond minimum may occur for the 5.1 MeV resonance;
but then the close-lying 5.27 MeV resonance would
require a barrier energy below 5.27 MeV for complete
damping. Allowing also for this special situation we
have increased the error for determining the barrier
EA = 5.05 ± 0.2 MeV.
3.5. The triple-humped fission barrier of 236U
In Fig. 1 we showed to scale the triple-humped fis-
sion barrier of 236U with our newly determined values.
Significant information on the barriers is obtained also
from the decay of the ground state of the second min-
imum. It has an excitation energy of 2814 ± 17 keV
and a total half-life of 116 ± 3 ns [34,35]. The partial
half-life for delayed fission is tIIf = 870 ± 95 ns and
the partial half-life for the γ back-decay to the first
minimum is tIIγ = 134 ± 4 ns. From the fission half-
life the common penetrability of the outer two barriers
PB1 ∗ PB2 can be calculated:
tIIf = ln 2 · 2πh¯
h¯ωII · PB1 · PB2 .
The β-vibrational phonon energy in the second min-
imum hω = 685 keV has been measured in con-¯ IIversion electron spectroscopy [36]. Thus we obtain:
PB1 ·PB2 = (4.5 ± 0.4)× 10−15. From the half-life of
the γ back-decay we can deduce a rough estimate of
the penetrability PA of the inner barrier: PA = tIγ /tIIγ .
The typical half-life tIγ of the γ decay in the first min-
imum with an energy close to the isomer energy can
be obtained from the Weisskopf estimate: TW(E1) =
6.76A−2/3E−3γ [MeV]×10−15 s combined with a typ-
ical Weisskopf hindrance factor FW = 100 leading to:
tIγ ≈ 10−15 s. In this way we obtain a penetrability of
the inner barrier PA ≈ 1 × 10−8, which is about 7 or-
ders of magnitude larger than the one of the two outer
barriers.
For the inner barrier largely varying parameters
have been published: (EA = 5.98±0.15 MeV, h¯ωA =
1.32 ± 0.1 MeV [13,37]) or (EA = 5.6 ± 0.2 MeV,
h¯ωA = 1.04 MeV [4]). Here, we proved that a bet-
ter choice of parameters is: (EA = 5.05 ± 0.2 MeV,
h¯ωA = 1.2 MeV) allowing for a full damping of the
class-II compound states in the region where transmis-
sion resonances for the third minimum are observed.
From the saturation of the prompt fission probabil-
ity an outer barrier height EB = 6.0 ± 0.1 MeV and
a common curvature h¯ωB = 0.68 ± 0.05 MeV was
deduced [13]. With these parameters we obtain a pen-
etrability of the outer barrier of PB = 1.6 × 10−13 at
the excitation energy of the fission isomer. Adjust-
ing the values within errors to EB = 6.1 MeV and
h¯ωB = 0.63 MeV we obtain PB = 5.6 × 10−15, in
good agreement with the lifetime measurement. The
strong occurrence of transmission resonances in the
third minimum requires barriers B1 and B2 to have
similar penetrabilities. Therefore, we have split the
outer barrier into two symmetric barriers with the
same height EB1 = EB2 = 6.1 MeV and curvatures
h¯ωB1 = h¯ωB2 = 2 · h¯ωB = 1.26 MeV. The depth of
the enclosed third minimum is EIII = 2.7 ± 0.4 MeV.
For the deformation of the second minimum a
quadrupole moment Q = (32 ± 5) eb [38] was ob-
tained, corresponding to an axis ratio of 1.9 ± 0.1.
From the ground-state rotational band in the second
minimum a rotational parameter h¯2/2θII = 3.36 ±
0.01 keV [39] was determined. For the third mini-
mum we obtained h¯2/2 · θIII = 2.3 ± 0.4 keV as the
weighted average of our two resonance regions. The
barrier heights and the potential minima of Fig. 1
approximately agree with theoretically predicted val-
ues of E = 5.46 MeV, E = 6.0 MeV, E =A B1 B2
M. Csatlós et al. / Physics Letters B 615 (2005) 175–185 1856.0 MeV, EII = 2.2 MeV and EIII = 3.8 MeV from
´Cwiok et al. [7] and Howard et al. [14].
4. Summary
In summary, we have measured the prompt fission
probability of 236U as a function of the excitation en-
ergy using the (d,pf ) reaction with high resolution
in order to study high-lying excited states in the third
well. From the analysis of the rotational band structure
in the two resonance regions around 5.1 and 5.3 MeV
a weighted average for the rotational parameter could
be extracted as h¯2/2θ = 2.3 ± 0.4 keV.
The corresponding moment of inertia (θ = 217 ±
38 h¯2/MeV) agrees with the calculated value of Shnei-
dman et al.. The hyperdeformed rotational-band struc-
ture observed in the rather low excitation energy re-
gion around 5.1 MeV independently supports our
experimental finding of a rather deep third minimum,
which is in agreement with theoretical predictions. We
furthermore used the lowest transmission resonance
in the third well to determine the height of the inner
barrier EA = 5.05(20) MeV. In the double-humped
barrier picture the inner barrier for light actinide nuclei
always had to be adjusted above the highest observed
resonance, while now the existence of a deep third
minimum only requires that the inner barrier lies above
the highest resonance in the second well. This repre-
sents a new trend in fission barriers for light actinides
which is different from former assignments [4], but in
good agreement with more recent theoretical predic-
tions [14].
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